I. Introduction
Nd-Fe-B-type magnet has been most widely used in the high performance permanent magnet applications, and the high performance of Nd-Fe-B-type magnet is due to the superior magnetic properties of the matrix Nd 2 Fe 14 B magnetic crystal in the magnet [1, 2] . Since the Nd 2 Fe 14 B compound contains high content of rare earth Nd, which has great affinity with oxygen, the matrix Nd 2 Fe 14 B magnetic crystal in the Nd-Fe-B-type magnet is prone greatly to an oxidation. The oxidation issue of the Nd-Fe-B material has been increasingly raised due to an increased service temperature of the magnets and to an increased need of fine Nd 2 Fe 14 B magnetic crystal particles for various applications [3] [4] [5] . In order to understand fully the oxidation of the Nd-Fe-B-type magnets and fine powder, a knowledge about oxidation of the Nd 2 Fe 14 B compound crystal is essential. In the present study, the oxidation kinetics of Nd 2 Fe 14 B compound crystal was investigated, and the effect of oxidation on the coercicity of the fine Nd 2 Fe 14 B particles was investigated.
II. Experimental Work
Oxidation of the Nd 2 Fe 14 B compound crystal was investigated using an excessively grown Nd 2 Fe 14 B grains in the Nd 15 Fe 77 B 8 alloy ingot. The Nd 15 Fe 77 B 8 alloy button was prepared by arc-melting of the constituent elements, and the prepared button was homogenized at 1343 K for prolonged period of 4 days under Ar gas in an attempt to cause a full grain growth of the Nd 2 Fe 14 B grains in the alloy. After the prolonged annealing, some Nd 2 Fe 14 B grains were grown markedly to a size ranging from 50 to 300 µm in diameter. Cubic specimen with dimension of 8 × 8 × 8 mm was cut from the annealed ingot, and the surface of the cube was polished. The polished sample was exposed to air at the temperature ranging from 623 K to 723 K. The oxidation kinetics of the Nd 2 Fe 14 B crystal was examined by measuring the thickness of oxidized layer on the surface of Nd 2 Fe 14 B grain. The oxidized layer was observed by optical microscope (OM) with polarized light and scanning electron microscope (SEM). The thickness of the oxidized layer was obtained by taking an average value from ten different crystals. Dependence of oxidation rate upon the crystallographic direction in the Nd 2 Fe 14 B crystal was examined. Crystallographic orientation of the Nd 2 Fe 14 B grains was determined by observing the magnetic domain image of the polished flat surface of individual grain using Kerr effect. Phase analysis of the oxidized layer was carried out by XRD. Specimen for the XRD phase analysis was prepared by oxidizing the fine particles of the Nd 15 Fe 77 B 8 alloy. The effect of surface oxidation on the coercivity of the fine Nd 2 Fe 14 B crystal particles was investigated using particles with near single domain size which were prepared by roller ball milling (4 hr) of the HDDR-treated Nd 15 Fe 77 B 8 alloy. Details of HDDR-treatment and ball milling of this alloy can be found elsewhere [6] . Coercivity of the particles was measured by VSM. Fig. 1 may exhibit the magnetic domain image which is slightly elongated and distorted cogwheel-or cigar-type image depending on the angle (like grain A in Fig. 1 ). Fig. 2 shows schematically the oxidation progress direction (indicated by arrow) on the planes observed in Fig. 1 . The highlighted planes are corresponding to one of the probable crystallographic planes determined from the domain image observation in Fig. 1 . It can be seen that a continuous oxidized layer has been formed on the surface of each Nd 2 Fe 14 B crystal grain. It appears that the oxidized layer thickness on the various crystal grains is almost identical regardless of the crystallographic orientation. This indicates obviously that the oxidation rate of the Nd 2 Fe 14 B crystal shows no dependence on the crystallographic direction. No dependence of the oxidation on the crystallographic orientation can be explained by a unique oxidation reaction of the Nd 2 Fe 14 B crystal in air. The oxidation of Nd 2 Fe 14 B crystal has been known to takes place by a dissociation of the Nd 2 Fe 14 B [3, 4] . Thermodynamic stability of the Nd 2 Fe 14 B phase at an elevated temperature in an oxygen atmosphere (air) is reduced, and the phase is dissociated into a thermodynamically more stable mixture of α-Fe, Fe 3 B, and Nd-oxides. Phase constitution in the oxidation product was examined using fine Nd 2 Fe 14 B crystal powder oxidized at 673 K for 3 hrs, and the XRD phase analysis result was shown in Fig. 3 . It appears that the oxidized powder consists of multi-phase mixture of Nd 2 Fe 14 B, α-Fe, Fe 3 B, and Nd oxides. This indicated that at the surface outer shell of the fine Nd 2 Fe 14 B crystal oxygen induced a dissociation of the Nd 2 Fe 14 B phase into the mixture of α-Fe, Fe 3 B, and Nd-oxides. This oxygen induced dissociation reaction is different from a common oxidation of metal where the oxygen atoms diffuse into the crystal lattice and form an oxide. This dissociation may occur by direct reaction with oxygen at the surface, thus the oxidation (or dissociation) rate of the Nd 2 Fe 14 B compound crystal may be less likely to depend on the crystallographic orientation. The oxidized layer on surface of Nd 2 Fe 14 B compound crystal has a unique morphology. Fig. 4 shows the morphology of oxidized layer formed on the surface of the Nd 2 Fe 14 B crystal. The oxidized layer appears to consist of alternating needle-like bright and dark regions, which are more or less perpendicular to the interface between Nd 2 Fe 14 B crystal matrix and oxidized layer (Fig. 4(B) ). Composition of the bright and dark regions was analyzed by EDS in SEM, and the results were shown in Table 1 . The contents in Table 1 were obtained by taking an average value from ten different spots. Together with XRD results, this compositional analysis indicates that both the bright and the dark regions are composed of multi-phase mixture of α-Fe, Fe 3 B, and Nd oxides, and the bright region is enriched slightly with Nd oxides, while the dark region is enriched slightly with α-Fe. Fig. 5 shows the variations of oxidized layer thickness as a function of exposing time to air for the Nd 2 Fe 14 B crystal grains in the Nd 15 Fe 77 B 8 alloy oxidized at various temperatures. It appears that the oxidized layer thickness increases linearly with exposing time. Considering the continuous and dense-looking oxidized layer, the linear relationship of oxide layer thickness against exposing time would seem to be somewhat unexpected. It is common that the increase of oxide layer thickness follows the parabolic rate law rather than the linear relationship particularly when the formed oxide layer is dense and continuous. For the oxidation with dense and continuous layer, the oxidation rate is controlled predominantly by the diffusion of oxygen through the oxide to the interface between oxide and crystal, and this type of reaction becomes non-steady-state diffusion-controlled reaction and shows typical parabolic rate law. In the present study, however, the increase of oxidized layer thickness with exposing time shows unexpectedly a linear relationship rather than a parabolic rate law. The linear relationship suggests that the oxidation rate is not controlled by the diffusion of oxygen through the oxidized layer to the interface of oxidized layer and crystal core but controlled predominantly by the direct reaction between the oxygen and crystal at the interface. This linear relationship implies that the reaction product (oxidized layer) does not act as a diffusion barrier for the oxygen. Oxygen may move easily to the interface between oxidized layer and crystal through a diffusion along the phase boundary between the different constituting phases in the oxidized layer. Thus, overall oxidation rate may be controlled predominantly by the direct reaction between the oxygen and crystal at the interface. The oxidation reaction can, therefore, be modeled according to simple linear relationship:
III. Results and Discussion
where D is the oxide layer thickness, k ox is the linear oxidation rate constant, t is the time, and C is a constant. The dependence of k ox on the temperature, T, is given by the Arrhenius equation:
where A is a constant of the frequency factor, E is the activation energy for the oxidation reaction, and R is the gas constant. Activation energy, E, for this oxidation Table I . Chemical composition of the regions (spot (a) and (b) in Fig. 4(B) ) in the oxidized layer (wt%). reaction can be determined by taking the logarithm of both sides of Eq. (2), and then plotting the ln k ox against the reciprocal of the absolute temperature. Then a straight line having slope equal to [E/RT] will result (Fig. 6) , and the activation energy can be calculated from the slope. The activation energy for the oxidation of Nd 2 Fe 14 B compound crystal was estimated to be approximately 26.8 kJ/mol. This activation energy is much smaller compared to the previously reported values (around 100 kJ/mol) [4] . In this reference, the oxidation kinetics was studied by measuring the oxidized layer on the surface of bulk magnet rather than on the Nd 2 Fe 14 B crystal grain. In the bulk magnet, the Nd 2 Fe 14 B crystal grains are surrounded by a continuous Nd-rich grain boundary phase, and this may retard the oxidation of the Nd 2 Fe 14 B crystal grain. While, in the present study, the Nd 2 Fe 14 B crystal grain was exposed directly to oxygen, thus the oxidation occurred more rapidly, hence leading to a lower activation energy. Besides, in the reference the oxidation was undertaken at higher temperature for much longer period of time. alloy, and these particles were used for investigating the effect of oxidation on the coercvity. The prepared near single domain size Nd 2 Fe 14 B crystal particles (≒0.3 µm) had high coercivity over 9 kOe. However, the coercivity was radically reduced as the temperature increased in air (< 2 kOe at 200 o C) (Fig. 7) . This radical coercivity reduction was attributed to the soft magnetic phases, α-Fe and Fe 3 B, which were formed on the surface of the fine particles due to the oxidation. The magnetic soft phases (α-Fe, Fe 3 B) at the surface of fine Nd 2 Fe 14 B crystal particle may act as a nucleation site of reverse domain, hence facilitating demagnetisation and reducing coercivity radically. Meanwhile, when the prepared fine particles were heated in vacuum the coercivity increased significantly from 300 o C, peaking at 400 o C. This may be attributed to the removal of internal strain which was caused by mechanical damage during the ball milling.
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IV. Conclusion
Oxidation of the Nd 2 Fe 14 B compound crystal occurred by dissociation of the Nd 2 Fe 14 B phase into multi-phase mixture of α-Fe, Fe 3 B, and Nd oxides. Oxidation rate of the Nd 2 Fe 14 B compound crystal showed no dependence on the crystallographic direction. The oxidation reaction was modeled according to simple linear relationship. Activation energy for the oxidation of Nd 2 Fe 14 B compound crystal was calculated to be approximately 26.8 kJ/mol. The near single domain size Nd 2 Fe 14 B crystal particles (≒0.3 µm) had high coercivity over 9 kOe. However, the coercivity was radically reduced as the temperature increased in air (< 2 kOe at 200 o C). This radical coercivity reduction was attributed to the soft magnetic phases, α-Fe and Fe 3 B, which were formed on the surface of the fine particles due to the oxidation.
